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The Discrete Element Model has been used here to simulate constant strain rate uniaxial compression tests for a realistic asphalt mixture
comprising graded aggregates. A numerical sample preparation procedure has been developed to represent the physical specimen. A parallel bond
model has been used in the elastic modelling to give moment resistance at the contacts. Uniaxial constant strain rate loading and unloading tests
have been simulated. The effects of the normal to shear contact stiffness ratio on the bulk properties, the parallel bond radius, the number of
particles and their positions, and the loading speed have been investigated. A modiﬁed Burger0s model has been used to introduce time-dependent
contact stiffness with the ability to transmit moment and torsion. Two-ball clumps have been used to investigate the effect of particle shape. The
effect of Burger0s model parameters, the ratio of normal to shear Burger0s model parameters, the bond radius multiplier, the friction coefﬁcient
and the bond strength distribution in the viscoelastic simulations have been investigated. Constant strain rate uniaxial compression tests have been
undertaken in the laboratory where the axial stress–strain response has been measured for comparison with the numerical modelling results. The
modiﬁed Burger0s model has proved to be useful and ready for simulating uniaxial constant strain rate and creep tests in the laboratory.
& 2014 The Japanese Geotechnical Society. Production and hosting by Elsevier B.V. All rights reserved.
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Asphaltic material has been one of the most popular materials
used in the surface of pavements since the end of the 19th Century.
Asphalt mixture is a complex material which comprises at least
three components: bitumen, graded mineral aggregates and air. The
macromechanics of an asphalt mixture is largely dependent on the
micromechanics among the three components. There are two main4 The Japanese Geotechnical Society. Production and hosting by
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der responsibility of The Japanese Geotechnical Society.types of load failure in asphaltic pavement: cracking (fatigue) and
rutting (permanent deformation). Laboratory research can offer
valuable information to explain the damage mechanism of asphalt
mixtures; however, this information is limited to macroscopic
observation. The micro-scale constitutive relationship is an impor-
tant factor in terms of overall material performance. Therefore, it is
useful to build a model in order to properly represent the
microstructure of asphalt mixtures and to understand the constitu-
tive relationship from the microscopic point of view.
Over the past two decades, the discrete element method
(DEM) has been used by many researchers to simulate the
microstructure of asphalt mixtures. Three main methods have
been used: a highly idealised method (Collop et al., 2006,
2007), a randomly created polyhedron method (Liu and You,
2009) and an image-based method (Adhikari and You, 2008).
In the highly idealised method, the mechanical behaviour of
idealised asphalt mixtures is modelled. Idealised asphalt
mixtures comprise approximately single-sized sand mixed withElsevier B.V. All rights reserved.
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two-ball clumps with the same volume. Therefore, the grading
of the aggregates is not considered. Also, the contact bond
used to bond the particles cannot provide moment resistance or
stop the particles from rolling, spinning or becoming torsional.
However, this is a necessary step to further development in the
discrete element modelling of real asphalt mixtures with more
realistic contact models.
In the randomly created polyhedron method, aggregates are
simulated with randomly created polyhedron assemblies made
with a large number of spheres. The generated polyhedron
assembly provides a good representation of the actual geome-
try of aggregates and the sample generation method is
laboratory-independent. This method also makes it possible
to model the cracks around or through aggregates during
strength tests. However, the method has proved to be time-
consuming due to the large number of particles involved.
The image-based method is based on the microstructural
image of materials using X-Ray CT. The shape and the
distribution of aggregates can be represented well by this
model. However, as it is laboratory-dependent, expensive
laboratory equipment and well-trained technicians are required.
So far, the models used to represent the mechanical behaviour
of asphalt mixtures include an elastic model (Buttlar and You,
2001), a viscoelastic model (time-dependent behaviour) (Abbas
et al., 2007) and a cohesive model (Kim et al., 2008).
The aim of this paper is to produce a validated discrete
element model (laboratory-independent) to simulate uniaxial
compression tests on a realistic asphalt mixture comprising
graded aggregates, to improve the understanding of the
micromechanical behaviour of realistic asphalt mixtures and
to produce guidelines related to parameter determination
procedures.
2. Discrete element modelling
The discrete element method (DEM) was developed by
Cundall Peter and Strack Otto (1979) to model granular
materials from a microstructural perspective. The Particle Flow
Code in three dimensions (PFC3D) (ITASCA, 2008b) was
developed by the ITASCA Consulting Group Inc. to model the
movement and the interaction of spherical particles using
DEM. Compared with Liu and You (2009)0s model, the model
in this paper considers the bitumen via a simple contact law,
whilst still facilitating micro-cracks and bulk fractures. In our
model, the aggregates are modelled as spherical particles or
clumps (two or more particles combined together). The binder
is not modelled explicitly, but is represented by a constitutive
model (parallel bond model/Burger0s model), which reduces
the computation time. The same strategy has been used by
Chen et al. (2012b, 2012a) to simulate Superpave gyratory
compaction and to analyse the air void distribution in asphalt
mixtures with YADE. The particles displace independently
from each other and interact only at contact points; the soft
contact approach is used when the particle is assumed to be
rigid, but allowed to overlap at contact points for a small range
compared with particle size. The contact force is related tothe overlap and calculated via a force–displacement law.
The particle displacement is calculated from the interparticle
forces using Newton0s 2nd law. More details can be found in
ITASCA (2008b).
Particles are allowed to be bonded together at contact points.
The bonds will break when the predeﬁned bond strength is
reached. A bond known as the parallel bond (linear contact
model) describes the constitutive behaviour of a ﬁnite-sized
piece of binder material between two particles. It can be
imagined as a set of elastic springs uniformly distributed over a
circular disk lying on the contact plane. These bonds establish
an elastic interaction between particles that acts in parallel with
slip, and hence, its name. It can transmit both forces and
moments between particles. Typical parameters which need to
be speciﬁed are Young0s modulus of the particle (E) and the
parallel bond (E), the ratio of normal to shear stiffness of the
particle (n) and the parallel bond (n), normal (s) and shear (τ)
bond strengths, the bond radius multiplier (λ), and the friction
coefﬁcient of the particles (f) and of the walls (fw). The normal
stiffness of the particles (Knp) and of the parallel bonds (Knb)
is calculated from Eqs. (1) and (2) (Potyondy and Cundall,
2004). The shear stiffness is calculated from the ratios of
normal to shear stiffness (Eqs. (3) and (4)).
Knp ¼ 4RE ð1Þ
Knb ¼ E
RAþRB ð2Þ
Ksp ¼ Knp=n ð3Þ
Ksb ¼ Knb=n ð4Þ
where R is the particle radius, RA and RB are the radii of
two balls which are in contact, Ksp is the shear stiffness of the
particle and Ksb is the shear stiffness of the parallel bond.
The units of parallel bond stiffness in Eqs. (2) and (4) are Pa/m;
thus, the real parallel bond stiffness is given by
K ¼ Knb π½λ minðRA;RBÞ2 ð5Þ
where minðRA;RBÞ is the minimum radius of the two balls in
contact and λ is known as the radius multiplier.
The maximum tensile stress and the shear stress acting on
the parallel bond periphery are calculated based on the beam
theory and given by
smax ¼ F
n
A
þ jM
sjR
I
ð6Þ
τmax ¼ jF
sj
A
þ jM
njR
J
ð7Þ
where Fn and Fs are the normal and the shear forces,
respectively, Mn and Ms denote the axial and the shear
directed moments, respectively, R is the radius of the imagined
circular disk, and A, I and J are the area, the moment of inertia
and the polar moment of inertia of the parallel bond cross
section, respectively. I and J are given by
I ¼ 1
4
πR
4 ð8Þ
Table 1
Mixture design of asphalt mixture.
Constituent Percentage (mass) Percentage (volume)
10 mm aggregate 5.5 70
8 mm aggregate 18.6
6.3 mm aggregate 15.8
5 mm aggregate 12.1
4 mm aggregate 9.3
2.8 mm aggregate 11.2
2 mm aggregate 7.5
Filler 14 12
Bitumen 6.0 13
Air 0 5
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2
πR
4 ð9Þ
When the maximum tensile/shear stress exceeds the tensile/
shear bond strength, the parallel bond breaks. The bond is then
removed from the model along with its accompanying force,
moment and stiffness (Potyondy and Cundall, 2004).
3. Asphalt mixture
Stone Mastic Asphalt is a dense gap-graded asphalt mixture.
It has been selected in this project because of its high content
of coarse aggregates and binder-rich mortar. The standard mid-
point grading curve for a 0–10 mm stone mastic asphalt (BS
EN 13108-5:2006) is given by the solid line in Fig. 1. It can be
seen that the size of the aggregates ranges from less than
0.075 mm to as large as 14 mm. It is very difﬁcult in discrete
element modelling to model all aggregates due to the limitation
of computer processing ability. In order to save computational
time in modelling, therefore, new stone mastic asphalt was
produced by removing the aggregates which could pass
through a sieve 2 mm in size. The grading curve of the
aggregates for this mixture is shown by the dashed line in
Fig. 1. A 40/60 penetration grade bitumen with a softening
point of 51 1C was used. Granite was chosen as the aggregate
and limestone was chosen as the ﬁller. Several Schellenberg
tests (BS EN 12697-18:2004) were done to test the binder
drainage for different proportions of graded aggregate, bitumen
and ﬁller. A suitable design for the new asphalt mixture was
found (Table 1). The maximum density was measured as
2453 kg/m3 and used to calculate the bulk density of the
mixtures required in the mixture design. Samples with a height
of 140 mm and a diameter of 70 mm were produced using this
mixture design. Specimens were made by coring from slabs
using a wet diamond-tipped core driller. All the specimens
were stored in a cold room at 5 1C until 6 h before testing. This
was to prevent aging and distortion at ambient temperatures.
The ratio of height to diameter of the specimen was chosen to
be equal to a value of 2 in order to avoid the effects of
conﬁnement in the specimen due to the friction between the
specimen and the loading platens (Erkens et al., 2002).
A servo-hydraulic test apparatus was used for the uniaxial
tests undertaken in this project. The cabinet is temperature0
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Fig. 1. Grading curves for aggregate.controllable. The axial and radial deformations and the axial
force of the tested specimen were recorded using “Rubicon”
software (Taherkhani, 2006). The axial and radial deforma-
tions were measured by installing Linear Variable Differential
Transformers (LVDTs) vertically and horizontally. A test at a
constant strain rate of 0.007 104 s1 was carried out at
20 1C. The results will be discussed later in this paper.4. Numerical sample preparation
A numerical sample preparation procedure has been devel-
oped to prepare cylindrical samples with graded particles. The
samples need to be initially isotropic with low residual stress
and dense packing. The ratio of sample height to diameter was
set to be 2:1 (the same as the laboratory specimen). At ﬁrst, the
cylindrical boundaries (walls in PFC3D) were generated
according to the predeﬁned volume. The wall in PFC3D has
arbitrarily deﬁned the contact properties, and the contact forces
between the particles and the walls are calculated by the force
displacement law.
The number of particles for each diameter was calculated
according to the grading curve (Fig. 1) and the mixture design
(Table 1).
N ¼ 3 PVðpnþ1pnÞ
4πððrnþ1þrnÞ=2Þ3
ð10Þ
where N is the number of particles (with radius ðrnþ1þrnÞ=2)
to be generated, P is the volume percentage of the aggregates
in the asphalt mixture, V is the total volume of asphalt, and
pnþ1 and pn are the percentage passing (by volume) of
aggregate through sieves of sizes 2rnþ1 and 2rn, respectively.
The particle properties are given by Eqs. (1)–(4).
Particles are generated with randomly centred coordinates to
give an irregular packing type (ITASCA, 2008a). Particles are
ﬁrstly generated with smaller radii such that the particles do
not overlap; then the radii are gradually increased to the target
values. During the process, particles are allowed to re-orientate
themselves until the residual stress within the sample is
approximately isotropic. This “radius expansion method” has
been used by other authors (Wu et al., 2011) and is acceptable
for achieving an isotropic sample of spheres. If particles are
non-spherical, then a deposition method (Fu and Dafalias
Fig. 2. (a) Typical sample and (b) sample with parallel bonds.
Table 2
Number of particles of each size.
Particle size (mm) Number of particles
10 19
8 144
6.3 250
5 380
4 602
2.8 1629
2.0 2976
W. Cai et al. / Soils and Foundations 54 (2014) 12–22 15Yannis, 2011) would result in considerable anisotropy, but this
issue is not within the scope of the present paper.
A sample prepared under the above conditions has a high
level of isotropic stress due to the large amount of overlap at
contact points between particles. ITASCA (2008a) suggested
that the initial isotropic stress should be less than one per cent
of the uniaxial compressive strength (peak stress). This can be
achieved by slightly reducing the radii (1%–3%) of the
particles until the isotropic stress is less than the pre-set value.
By doing this, the magnitude of overlap between particles
decreases which leads to a reduction in the contact forces of
the sample. The particles are also allowed to re-orientate
themselves each time the radius is decreased.
Typically, about 20%–30% of the particles have less than
four contact points in the sample at this stage. Parallel bonds
are used to simulate the bonding effect of bitumen to the
nearby aggregate. Rothenburg et al. (1992) suggested that the
particle assembly needs at least four contacts per particle on
average to carry the load. Collop Andrew et al. (2004) also
showed that a minimum of 4 contacts per particle on average is
needed to model the internal contact structure of a sand asphalt
mixture. This can be achieved by the following procedure: (i)
ﬁx all the particles; (ii) release the particles with less than four
contacts and slightly expand their radii (0.1%) until each
particle has at least four contacts. During this procedure, allow
the particles to re-orientate themselves to reach equilibrium
each time after increasing their radius.
To simulate the uniaxial compression tests, the lateral
boundary is removed while the top and bottom boundaries
act as loading plates. To reduce the unbalance force due to the
enlargement of the particle radius, as well as the removal of the
lateral wall, the bonded sample should be allowed to reach a
steady state before uniaxial compression.
During the loading process, the axial strain is obtained using
the displacement of the top plate over the initial sample height.
The radial strain can be calculated as the average radial strain
for all the particles on the circumference of the specimen.
Young0s modulus of the sample is calculated using the average
stress of the top and bottom plates divided by the axial strain.
Poisson0s ratio of the sample is taken as the ratio of the average
radial strain to the axial strain.
Fig. 2(a) shows a typical sample. The sample is 120.3 mm in
height and 30.1 mm in radius and contains 6000 particles; the
number of particles for the different sizes is shown in Table 2.
The average number of contacts per particle for the sample is
5.5, and particles occupy 70% of the total volume. The bonded
sample shown in Fig. 2(b) is ready to be used to simulate the
uniaxial compression tests.5. Elastic simulation
It is well known that pure bitumen behaves as an elastic
solid at low temperatures and/or high loading rates, a viscous
ﬂuid at high temperatures and/or low loading rates and a
viscoelastic material in the intermediate range. Bitumen is
responsible for the viscoelastic behaviour characteristic inasphalt mixtures. This section investigates the elastic response
of bitumen. The parallel bond is used to represent the bitumen.
Uniaxial constant strain rate loading and unloading tests
have been simulated, with a velocity of þ /0.01 m/s applied
to the top plate. This velocity has been chosen to make sure
that it is low enough to avoid the dynamic effects, but high
enough to reduce the computation time. The bottom plate was
ﬁxed. The top plate was moved down at a constant strain rate
and the sample unloaded at an axial strain of 0.4%; the
unloading was terminated when the top plate reached the initial
height. Young0s moduli of the particles and the parallel bonds
were both taken to be 4.5 GPa, the values being chosen
arbitrarily so that a general trend for the elastic simulation
could be obtained. The values of the parameters are not
important; however, it is important to make sure that the
chosen parameters have captured the essential features of the
behaviour. To obtain fully elastic behaviour, the friction
coefﬁcient for each ball was set to zero, to give zero energy
dissipates, and the normal and shear bond strengths were taken
to be large to avoid bond breakage during the simulation. The
bond radius multiplier was set to be 1. The axial strain versus
number of time steps for the loading and unloading simulation
is shown in Fig. 3. The plot shows that the loading curve is
identical to the unloading curve, and hence, elastic.
Several parameters are involved in the elastic simulation.
It is important to understand how each parameter affects the
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simulation results with various parameter combinations to offer
guidance on further parameter determination.
5.1. Effect of number of particles and their positions
When using the discrete element method, it is important to
choose a sample size which is large enough to fully represent the
material behaviour, but small enough to minimise the computation
time. Six uniaxial compression simulations were performed on
samples generated with different numbers of particles. The loading
speed was set as 0.01 m/s. The ratio of sample height to diameter
was kept at 2:1 for all samples. Particle and bond properties were
taken to be the same as in the reference simulation. Young0s
modulus and Poisson0s ratio of the samples were calculated
(Fig. 4). It can be seen that Young0s modulus increases and
Poisson0s ratio decreases as the number of particles increases,
tending towards constant values. Therefore, it can be concluded
that at least 6000 particles are required for the results to be close to
the results obtained using 10,000 particles.
Four other separate simulations were performed with 6000
particles in random particle positions; particle and bond properties
were set the same as in the reference simulation. The resulting
Young0s moduli and Poisson0s ratios are shown in Fig. 5. It can beseen that the variability caused by the random positions of the
particles is negligible. Therefore, 6000 particles are sufﬁcient in the
simulation to obtain reasonable estimates of bulk elastic modulus
and Poisson0s ratio.5.2. Effect of loading rate
An optimum loading rate is required to maintain accuracy in
the simulation. A series of uniaxial compressive simulations
was performed using 6000 particle samples, the loading rates
for which ranged from 0.0001 m/s to 5 m/s. Sample properties
were set to be the same as in the reference simulation. The
reaction stress on the top and bottom loading plates was
recorded at an axial strain of 0.5% in the simulations (Fig. 6).
It can be seen that the difference between the applied stress on
the top and bottom walls increases at the higher loading rates.
This indicates that by applying a lower loading rate (less than
0.02 m/s), dynamic effects can be avoided.
Fig. 7 shows the applied stress on both loading plates at
loading rates of 0.5 m/s and 0.02 m/s. It can be seen that the
stress ﬂuctuates at a loading rate of 0.5 m/s, while the loading
rate of 0.02 m/s results in a linearly increasing stress on the
plates. This indicates the effect of transient or dynamic stress
wave propagation within the sample at a higher loading rate.
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be used during the simulations.
5.3. Effect of normal to shear contact stiffness on elastic bulk
properties
To investigate how the bulk material properties depend on
the normal and shear contact stiffness of the particle and
parallel bonds, a series of uniaxial compression simulations
were performed over a range of contact stiffness and ratios of
normal to shear contact stiffness of the particles and parallel
bonds. A sample containing 6000 particles was used and
simulated at a loading rate of 0.01 m/s.
Fig. 8(a) shows a plot of Poisson0s ratio corresponding to
numerical Young0s moduli of 0.45 GPa and 4.5 GPa, respec-
tively, i.e., E and E in Eqs. (1) and (2) are identical in
calculating the ball stiffness and the equivalent direct tensile or
compression stiffness of the parallel bond. The shear contact
stiffness was varied so that the ratios of normal to shear contact
stiffness ranged from 1 to 10. It can be seen from this ﬁgure
that Poisson0s ratio of the sample increases as the ratio is
increased and it depends only on the ratio of contact stiffness
and not the absolute values. It should be mentioned that, tominimise the dynamic effects, a smaller time step (lower
loading speed) is required for a higher stiffness. However, in
order to save computational time, the same loading speed
(0.01 m/s) has been used for all the simulations with a different
ratio of normal to shear contact stiffness; hence, the discre-
pancy in Poisson0s ratios at higher ratios of normal to shear
contact stiffness. Fig. 8(b) shows the relationship between
Young0s modulus and the ratio of normal to shear contact
stiffness for both shear contact Young0s moduli. It can be seen
from this ﬁgure that Young0s modulus of the sample depends
on both normal and shear contact stiffness.5.4. Effect of parallel bond radius
According to Eq. (5), the parallel bond stiffness is related to
the bond radius multiplier, so it is necessary to understand how
the bond radius multiplier affects the bulk modulus of the
sample. A sample with 6000 particles was used and simulated
at a loading rate of 0.01 m/s. Fig. 9 shows Young0s modulus
and Poisson0s ratio with different parallel bond radius multi-
pliers. Young0s modulus of the parallel bonds was changed
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bond stiffness (Eq. (5)) would be the same.
It can be seen from Fig. 9 that as the bond radius multiplier
increases, Young0s modulus increases and Poisson0s ratio
decreases; this is the expected result since a larger radius can
carry more moment for the same stiffness of parallel bond,
which results in a smaller Poisson0s ratio and a higher Young0s
modulus.0.0
0.5
1.0
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0
Axial strain (%)
Sphere
Two-ball clump
Fig. 11. Axial stress versus axial strain curves.6. Viscoelastic simulation
An elastic simulation is a necessary step for further
development in the discrete element modelling of asphalt
mixtures. To capture the time-dependent behaviour of bitumen,
a viscoelastic model is required. Burger0s model, comprising a
spring and a dashpot in parallel connected in a series with a
spring and a dashpot, can be used to capture the time-
dependent properties of bitumen (Fig. 10). The time-
dependent normal stiffness of Burger0s model is given by
Kn ¼
1
Km
þ t
Cm
þ 1
Kk
ð1e t=τÞ
 1
ð11Þ
where t is the loading time and τ¼Ck=Kk is the relaxation
time. Eq. (11) shows that the contact stiffness will decrease as
a function of the loading time.
The default Burger0s model in PFC3D can transmit only
force with a contact bond. This is an inﬁnitesimally small bond
and means the particles can roll over each other. In reality,
however, it is likely that aggregate particles cannot roll over
each other when bonded. In this case, an alternative approach
was developed. Burger0s model was activated as the stiffness
of the contact bond in tension and compression, and a “virtual”
parallel bond was introduced to give a Burger0s model in
moment resistance and torsional resistance at a contact. The
word “virtual” is used because the bond does not sustain direct
tension or compression (this is given by the contact bond), nor
can the virtual bond break; the contact bond governs the
breakage. If the current stiffness of the contact bond is kc and
the radius of the virtual parallel bond is R, and there is
distributed stiffness kp per unit area, then the stiffness of the
virtual parallel bond will be taken as kpπR
2 ¼ kc throughout allthe simulations, where
R¼ λ minðRA;RBÞ ð12Þ
and values for the parameters quoted in the viscoelastic
simulations will be the equivalent kc values.
For the moment resistance, each subsequent relative rotation
increment at contact will produce an increment of moment and
add to the current value. This can be imagined as if there is a
circular disk lying on the contact plane and centred at the
contact point. This disk has bending and torsional Burger0s
stiffness with a predeﬁned radius (R). The total moment can be
resolved into normal and shear components with respect to the
contact plane as
M ¼MnniþMsti ð13Þ
The increments in normal (torsion) and shear (bending)
moments are given by
ΔMn ¼ ksJΔθn ð14Þ
ΔMs ¼ knIΔθs ð15Þ
where kn and ks are Burger0s stiffness of torsion and bending,
respectively.
An example simulation has been done with a 6000-particle
sample at a loading rate of 0.07 104 s1. The model
parameters were chosen arbitrarily so that the magnitude and
W. Cai et al. / Soils and Foundations 54 (2014) 12–22 19the shape of the axial stress versus axial strain curve would be
similar to the experimental results (up to an axial strain level of
0.01) shown in Fig. 11. The normal and bending contact
parameters were taken to be Kkn¼3.5 MN/m, Ckn¼35 MN s/
m, Kmn¼3.5 MN/m and Cmn¼35. MN s/m. The shear and
torsion contact parameters were taken to be a factor of 1.75
smaller than the normal and bending contact parameters so that
Poisson0s ratio would be 0.32 based on Fig. 8(a). The predicted
axial stress versus axial strain curve is shown as the dotted lineFig. 12. Two-ball clump.
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Fig. 13. Results for different Maxwell stiffnesses: (a) axial stress vs axial
radial and (b) axial stress vs radial strain.in Fig. 11. It can be seen that the stress-softening behaviour is
not as obvious as that in the laboratory results. This is due to
the particle shape not being considered. The two-ball clump,
shown in Fig. 12, was then used to replace the sphere in the
sample. The results are shown as the dashed line in Fig. 11,
demonstrating that the particle shape is important in the
simulation of stress-softening.
A typical three-dimensional microstructural-based discrete
element viscoelastic modelling process is extremely time-
consuming. McDowell et al. (2009) found a scaling method
by using a dimensional analysis for viscoelasticity and velocity
in discrete element modelling of strain control tests on asphalt.
They have proved that the effect of scaling-applied velocity is
the same as that of scaling both viscosities in Burger0s model
by the same factor. This scale method, which offers the great
beneﬁt of saving computer simulation time, has been used for
strain control simulations in this project. A factor of 100 was
used for scaling the loading speed and for both viscosities for
all the constant strain rate simulations.
There are many parameters involved in the viscoelastic
simulation. Therefore, it is important to understand how each
parameter affects the simulation results before using it to simulate0
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Fig. 14. Results for different Maxwell viscosities: (a) axial stress vs axial
strain and (b) axial stress vs radial strain.
W. Cai et al. / Soils and Foundations 54 (2014) 12–2220the laboratory test under various loading conditions. The normal
contact parameters of the ﬁrst uniaxial compression constant
strain rate simulation were taken to be Kkn¼8 MN/m, Ckn¼170
MN s/m, Kmn¼9 MN/m and Cmn¼170 MN s/m, and the ratio
of normal to shear (N/S) Burger0s contact properties were taken
to be 11. The radius multiplier (Eq. (12)) was set as 1. The
loading speed before scaling was taken to be 0.005 s1, the
friction coefﬁcient was set as 0.7 and both normal and shear
contact bond strengths were chosen to be equal to 37 N.
Two other simulations with higher Maxwell stiffness (see
Fig. 10) were simulated. The axial stress versus axial and
radial strain plots are shown in Fig. 13. The axial stress
increases as the Maxwell stiffness increases. For example, it
can be seen that at an axial strain level of 0.001, the axial stress
increases from approximately 1.1 MPa to approximately
4.0 MPa as Maxwell stiffness increases. In addition, a wider
range in post-peak softening behaviour is predicted as Max-
well stiffness decreases, because the Maxwell stiffness works
as the elastic component in Burger0s model. Increasing the
Maxwell stiffness will lead to an increase in the elastic
stiffness of the materials. The peak stress is shown to be
independent of the Maxwell stiffness.0
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Fig. 15. Results for different ratio of normal to shear contact parameter: (a)
axial stress vs axial strain and (b) axial stress vs radial strain.Two other simulations with higher Maxwell viscosity (see
Fig. 10) were simulated; the axial stress versus axial and radial
strain plots are shown in Fig. 14. As can be seen, the axial
stress is approximately independent of the Maxwell viscosity
at a constant strain rate of 0.005 s1. The difference in
behaviour appearing after the peak stress is due to contact
bond breakage. According to Eq. (11), for a contact, different
Maxwell viscosity values will result in different contact forces;
and therefore, contact bonds break at different times and
positions.
Several simulations with higher Kelvin stiffness and visc-
osity (see Fig. 10) were simulated. The results show the same
pattern as the Maxwell viscosity. The axial stress is approxi-
mately independent of both Kelvin stiffness and Kelvin
viscosity at a constant strain rate of 0.005 s1. The results
are not included here for succinctness.
Two simulations with different ratios of normal to shear
Burger0s model parameters were simulated. The normal contact
parameters were kept the same, while the shear contact
parameters were varied so that the ratios of normal to shear
contact parameter would be different for the three simulations.
The axial stress versus axial and radial strains plots are shown0
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Fig. 16. Results for different radius multiplier: (a) axial stress vs axial strain
and (b) axial stress vs radial strain.
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W. Cai et al. / Soils and Foundations 54 (2014) 12–22 21in Fig. 15. As can be seen, the axial stress decreases and the
peak stress slightly decreases as the normal to shear contact
property ratio increases. This is because shear contact stiffness
decreases as the ratio increases when the normal contact
stiffness is kept the same. Hence, the particles tend to move
in shear instead of overlap. A wider range of post-peak
softening behaviour was predicted, due to the different contact
bond breakage pattern.
Two simulations with different radius multipliers were
simulated. The axial stress versus axial and radial strain plots
are shown in Fig. 16. It can be seen that the slope just before
the peak stress of the stress–strain curve and the peak stress
decreases slightly as the radius multiplier decreases. Based on
Eqs. (14) and (15), a smaller radius causes a lower increment
in normal (torsion) and shear (bending) moments, while the
increments in stiffness and rotation remain the same, hence,
wider post-peak softening behaviour.
Two simulations with different friction coefﬁcients were
performed; the results are shown in Fig. 17. As can be seen,
the initial axial stress is independent of the friction. The peak
stress increases as the friction coefﬁcient increases. This is due to
the slip model in PFC3D. As the friction coefﬁcient decreases,
the maximum allowable shear contact force decreases, which0
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Fig. 17. Results for different friction coefﬁcients: (a) axial stress vs axial strain
and (b) axial stress vs radial strain.leads to particles slipping more easily. In addition, a higher
friction coefﬁcient causes more energy dissipation, hence, a wider
post-peak behaviour.
As noted from the above simulations, a single value of
contact bond strength was used. In reality, therefore, there is
likely to be a variation in bond strength. This section
investigates the effect of different bond strength distributions.
Three types of distributions were investigated: uniform
distribution, normal distribution and Weibull distribution.
The average values for the bond strength of the following
simulations have been set to be the same as for the viscoelastic
simulations (37 N). The standard deviation for the normal
distribution was chosen as 20 N. The modulus of the Weibull
distribution was set as 0.9. The axial stress versus axial and
radial strain for the three types of distributions is shown in
Fig. 18. As can be seen from the ﬁgure, the axial stress
decreases as the bond strength changes from a single value to a
distribution. This is because when there is a distribution of0
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Fig. 18. Results for different bond strength distributions: (a) axial stress vs
axial strain and (b) axial stress vs radial strain.
W. Cai et al. / Soils and Foundations 54 (2014) 12–2222bond strengths, some contact bonds will be weaker or even
have no contact bond where the bond strength is less than zero.
A wider range in post-peak softening behaviour is observed for
the distributions of bond strengths.
Based on the above simulations, the modiﬁed Burger0s
model is seen to be able to model the laboratory constant
strain rate tests.
7. Summary and conclusion
Discrete element modelling has been used to model a
realistic graded asphalt mixture. A numerical sample prepara-
tion procedure has been produced to obtain a sample which is
similar to the real sample. For the elastic simulation, when the
parallel bond radius increases, Young0s modulus increases and
Poisson0s ratio decreases. A modiﬁed Burger0s model has been
developed which includes moment resistance. A clump has
also been used to better represent the effect of particle shape.
The axial stress increases as the Maxwell stiffness increases; it
is independent of the Maxwell viscosity, the Kelvin stiffness
and the Kelvin viscosity for a constant strain rate of 0.005 s1.
A wider post-peak softening is predicted as the ratios of
normal to shear Burger0s model parameters increase and the
radius multiplier decreases. Peak stress has been found to
increase as the friction coefﬁcient increases, and a bond
strength distribution leads to a wider post-peak softening
behaviour while reducing the axial stress. It can be concluded,
therefore, that the modiﬁed Burger0s model is capable of
simulating constant strain rate tests on asphalt using DEM.
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